Introduction
============

In the early 1990s, Ogawa et al noted intra-voxel dephasing of the water signals of blood and the surrounding tissues due to magnetic field susceptibility from paramagnetic deoxyhemoglobin of anoxic rodent brains.[@b1-ijnrd-11-103] The paramagnetic deoxyhemoglobin in venous blood was used as an intrinsic contrast agent to initially track changes in brain blood oxygenation due to anesthetic gases and insulin-induced hypoglycemia in rodents under high magnetic field strengths (i.e., 4.7--7.0 T).[@b2-ijnrd-11-103] Over the next few years, brain blood oxygen level-dependent (BOLD) imaging was integrated at lower field strengths such as 1.5 T. In 1995, Karni et al reported use of BOLD magnetic resonance (MR) to evaluate neural changes involved in primary motor cortex activity in response to motor practice sessions.[@b3-ijnrd-11-103] Subsequently, BOLD MR has been used to study brain responses to many stimuli in experimental animals and humans.

BOLD MR has also been used to study oxygenation of the kidneys and, by inference, renal blood flow and tubular transport functions, which are difficult to study non-invasively in humans. BOLD MR has been especially useful for studying the renal medulla, which is known to function under hypoxic conditions due to high metabolic activity of the thick ascending loop of Henle and low medullary blood flow. The low oxygen levels in the renal medulla are believed to make this region of the kidney especially susceptible to acute injury during ischemia or other insults.[@b4-ijnrd-11-103]

Since much of the metabolic activity of the renal medulla is indirectly linked to transport of sodium chloride (NaCl) in the thick ascending loop of Henle, inhibitors of loop transport have been used in combination with measurements of renal medullary oxygenation to assess renal medullary function in various pathophysiologic conditions. Invasive experiments using glass microelectrodes to directly measure renal cortical and medullary oxygenation were performed in rodent models during administration of the loop diuretic furosemide, which blocks sodium-potassium-2 chloride (Na-K-2Cl) transport in the thick ascending loop of Henle, ultimately decreasing basolateral membrane NaCl transport and oxygen consumption and increasing renal medullary tissue oxygenation. Similarly, administration of the proximal tubular diuretic acetazolamide increases renal cortical oxygenation. Although the changes in oxygenation were partly due to increased renal blood flow, improvements in renal tissue oxygenation were largely mediated by reduced oxygen consumption due to the diuretics.

In 1997, Prasad et al conducted seminal studies using BOLD MR to monitor changes in intrarenal oxygenation in humans.[@b5-ijnrd-11-103] Similar to the rodent models using microelectrode measures of oxygenation, they found that furosemide administration increased renal medullary tissue oxygenation in young, healthy humans. Since this work, functional imaging of the kidneys using BOLD MR has been implemented in several human studies of renal pathophysiology.

Technical considerations
------------------------

BOLD MR signal intensity employs measurement of R2\*, the transverse magnetization decay time that is proportional to the tissue content of deoxyhemoglobin. Tissue deoxyhemoglobin increases field inhomogeneity and therefore signal decay. Hemoglobin oxygenation is proportional to the partial pressure of oxygen (PO~2~) of blood and in equilibrium with tissue PO~2~. Therefore, R2\* is an indicator of tissue hypoxia (i.e., higher R2\* signal intensity ≈ more tissue hypoxia). Conversely, T2\* (= 1/R2\*) is a measure of tissue oxygenation (i.e., higher T2\* signal intensity ≈ higher tissue oxygenation).

Use of BOLD signal intensity is based on the assumption that blood oxygenation and tissue oxygenation are in equilibrium. Supporting this assumption is the finding that there was a linear correlation between cortical and medullary R2\* levels and renal tissue PO~2~ measured invasively in pigs with microelectrodes.[@b6-ijnrd-11-103] This study and others suggest that BOLD MR offers a reliable non-invasive method to assess dynamic and regional changes in renal tissue oxygenation.

Spatial resolution should be considered, particularly when comparing quantitative R2\* or T2\* values across studies. Rossi et al nicely detailed the effects of spatial resolution and non-BOLD effects on the R2\* signal.[@b7-ijnrd-11-103] Their study of 17 healthy volunteers compared parametric R2\* values at 1.5T and 3T with variable resolutions and demonstrated a dependence of the apparent R2\* relaxation rate on spatial resolution. Reductions of in-plane resolution from 1.2 × 1.2 mm to 3.0 × 3.0 mm (constant slice thickness of 4 mm) yielded an increase in renal R2\* values for 1.5T (15%) and 3T (12%) field strengths, albeit less of an increase in the 3T magnet. Similarly, increasing slice thickness from 3 mm to 8 mm with a constant in-plane resolution of 1.5 × 1.5 mm resulted in a maximal increase of the R2\* of 30% at 1.5T and 26% at 3T. Therefore, increasing spatial resolution attenuates the effect of field inhomogeneity. Other factors such as signal-to-noise ratio also appear to be important. Magnetic field imperfections or the interface between tissues with differing magnetic properties can cause magnetic field inhomogeneity and subsequently overestimation of R2\* values.[@b7-ijnrd-11-103]

BOLD MR imaging has been utilized to assess renal oxygenation during administration of a loop diuretic challenge in several pathophysiologic conditions. Renal medullary tissue oxygenation is obviously more sensitive to a loop diuretic challenge compared with the cortex because furosemide inhibits the Na-K-2Cl transporter in the thick ascending loop of Henle in the outer medulla. To better delineate tissue corticomedullary oxygenation, higher field strengths and therefore higher resolution are advantageous, even though magnetic field inhomogeneity may be worse due to bowel gas or other factors. Studies using 1.5T showed similarities in R2\* values for both the cortex and medulla, whereas use of higher field strengths, smaller voxel sizes and smaller regions of interest (ROIs) allow for more precise determinations of renal cortical versus medullary tissue oxygenation. Use of larger ROIs is also subject to the effects of partial volume effects. Overall, larger absolute and relative differences between cortical and medullary R2\* are greater at 3T, suggestive of better discrimination of deoxyhemoglobin differences and tissue oxygenation between the two regions.[@b8-ijnrd-11-103]

Corticomedullary differentiation can be a challenging but important issue when using BOLD MR, particularly in patients with chronic kidney disease (CKD). This is an important limitation when comparing BOLD results across studies performed at different imaging centers. Many centers have utilized a strategy of manually drawing ROIs in several cortical and medullary segments ([Figure 1](#f1-ijnrd-11-103){ref-type="fig"}). This can be performed in any imaging plane but the coronal and axial views are most commonly reported. Regardless of the imaging plane chosen, clear delineation of the cortical and medullary segments is important. Smaller ROIs allow for more precise measurements, especially in regions with thin segments of cortex near the medullary segments. Smaller ROIs may also reduce partial volume artifacts, which may be problematic when performing serial measures at different time points (i.e., after administration of a stimulus such as furosemide). Most of these analyses determine a mean R2\* or T2\* value after defining several cortical and medullary ROIs in each region. However, even within the medulla (inner versus outer), there is some nonuniformity of oxygenation. Therefore, some groups have incorporated analyses of larger ROIs, including entire cortical or medullary segments, although these are more susceptible to partial volume averaging and may not reflect heterogeneity in oxygenation particularly within the renal medulla.[@b8-ijnrd-11-103],[@b9-ijnrd-11-103] Therefore, a new technique, "fractional kidney hypoxia", assumes that the kidney is divided into two compartments (cortical and medullary) and then divides segments into distinct distributions by histogram R2\* data.[@b10-ijnrd-11-103] This method demonstrates practical advantages as well as increased sensitivity for detecting renal tissue hypoxia in human subjects with flow-limiting renal artery stenosis (RAS). This technique also reduces dependence on manual selection of small ROIs, which can vary in size and potentially cause overlapping in the cortical and medullary segments within a single ROI, thus underestimating renal medullary hypoxia and overestimating renal cortical hypoxia. Of note, this technique applies an R2\* threshold of 30 s^−1^ and assumes distinct distributions (Gaussian for cortex and gamma for medulla) to determine whether a voxel belongs to the cortex or medulla.[@b11-ijnrd-11-103] Precision and reproducibility can be affected by the location and the size of the ROI.

Manual circular ROIs have been associated with increased interobserver variability in patients with CKD due to loss of corticomedullary differentiation; therefore, a novel semiautomatic technique called "concentric objects" or the "onion peel" was developed. This technique divides the kidney parenchyma into multiple equal thickness layers (6--12).[@b12-ijnrd-11-103] The twelve layer concentric objects (TLCO) method demonstrated small interobserver variability even in cases of severe CKD. Milani et al also showed reproducibility between furosemide-induced R2\* changes and suggested that the rate of change in R2\* from the outer to inner kidney layers may be a novel way to evaluate renal function; they demonstrated a strong positive correlation between the slope and estimated glomerular filtration rate (eGFR): the higher the eGFR, the steeper the slope of the R2\* change.[@b12-ijnrd-11-103] However, a major limitation to the TLCO method is the inability to differentiate between cortex and medulla.

There are several potential confounding factors that should be considered when utilizing BOLD MR imaging in the kidney ([Table 1](#t1-ijnrd-11-103){ref-type="table"}). Importantly, it should be reiterated that renal tissue oxygenation and blood oxygenation are assumed to be in equilibrium. Several factors including hematocrit, conditions that affect the oxygen/hemoglobin dissociation curve, vascular volume fraction, and sodium and water balance should be considered. A comprehensive summary of the relationship between renal T2\* and several of these parameters has been discussed in a review by Niendorf et al.[@b13-ijnrd-11-103] As pointed out in their review, T2\* is related to the absolute amount of deoxyhemoglobin in the tissue being imaged. Although T2\* is sensitive to blood oxygenation, it is also influenced by the tissue fraction of blood vessels and the local hematocrit. Differences in the hematocrit may also be influenced by water content in the tissue. Of course, tissue oxygenation is dependent on renal perfusion and blood flow.

Comprehensive MR studies of hyperoxia as well as aortic occlusion/hypoxia in combination with near-infrared spectroscopy techniques to assess hemoglobin concentration (per tissue volume) have examined the delicate balance between renal oxygen delivery and tissue oxygenation.[@b13-ijnrd-11-103]--[@b15-ijnrd-11-103] As we discuss later, it is important to account for changes in renal blood flow/renal tissue perfusion and optimally other local factors when measuring renal oxygenation using BOLD MR techniques. Oxygen content, renal blood flow (delivery) and renal oxygen consumption are important determinants of renal oxygenation and all of these factors should be considered when interpreting renal BOLD MR results.

Other factors that may be important considerations for renal BOLD imaging are related to salt and water balance. In a renal BOLD study of sodium handling and renal oxygenation in normotensive and hypertensive participants after 1 week of high or low sodium diet, no changes in cortical R2\* were observed. However, medullary R2\* was significantly lower when sodium intake was low (compared to high sodium intake) in hypertensive and non-hypertensive participants, suggesting higher medullary oxygenation under low sodium conditions.[@b16-ijnrd-11-103] Urinary sodium excretion, a proxy for dietary sodium intake, has been positively associated with medullary R2\* levels suggesting lower renal medullary oxygenation in participants with high urinary sodium excretion.[@b17-ijnrd-11-103]

Experiments evaluating BOLD responses to water loading have yielded variable results suggesting indirect physiologic effects that may be related to stimulation of prostaglandins.[@b18-ijnrd-11-103] There appears to be significant variability in BOLD responses to water loading in individuals imaged at different time points.[@b19-ijnrd-11-103] One additional consideration when using a furosemide stimulus is the dose of furosemide and whether patients are chronically receiving a loop diuretic. We found that patients chronically receiving loop diuretics had blunted responses (less of an increase in T2\*) to an acute furosemide stimulus.[@b20-ijnrd-11-103]

Renal tissue oxygenation is dependent on renal oxygen delivery
--------------------------------------------------------------

A major limitation of BOLD MR is that it cannot distinguish between alterations in renal oxygen supply and alterations in renal oxygen consumption.[@b21-ijnrd-11-103] Therefore, it is important to also measure renal blood flow and/or regional renal perfusion, major determinants of oxygen delivery and therefore renal tissue oxygenation. Several MR techniques have been utilized to evaluate renal blood flow or perfusion including contrast and non-contrast techniques ([Table 2](#t2-ijnrd-11-103){ref-type="table"}).

Contrast imaging
----------------

Contrast-enhanced MR has been used to assess renal anatomy and physiology. In addition to use for angiography and assessment of RAS, contrast imaging has been utilized for assessment of renal perfusion. Gadolinium-based MR contrast agents affect the T1-weighted signal, which increases with higher tissue gadolinium concentrations. Most of these agents are almost entirely excreted by the kidneys, and dynamic contrast MR has been used to assess (GFR).[@b22-ijnrd-11-103] Furthermore, assessment of both renal cortical and medullary blood flow is also possible using contrast techniques.[@b23-ijnrd-11-103] However, use of gadolinium-based contrast agents has been limited in patients with advanced kidney disease due to the association with nephrogenic systemic fibrosis (NSF). NSF is a systemic condition that is accompanied by diffuse skin and organ fibrosis and injury, which has been described in patients with advanced renal dysfunction. Therefore, non-contrast techniques have been developed to further evaluate renal function and perfusion without risks associated with use of gadolinium or iodinated contrast agents (used in computed tomography or invasive angiography).

Arterial spin labeling (ASL)
----------------------------

Non-contrast functional MR techniques such as ASL show promise for quantitating renal perfusion. ASL uses water in the blood as an endogenous contrast agent, obviating the need for administration of gadolinium or other contrast agents. This technique selectively "tags" or labels the inflowing blood using inversion techniques and then perfusion can be quantified via the differences in the "tagged" and unlabeled images.[@b24-ijnrd-11-103] ASL techniques have been utilized to evaluate cortical and medullary perfusion in native and transplanted kidneys as well for estimating renal cortical and medullary blood flow before and after a furosemide stimulus.[@b25-ijnrd-11-103] When compared to dynamic contrast-enhanced MR perfusion measures in rabbit models, ASL provided similar measures of renal cortical perfusion.[@b26-ijnrd-11-103] ASL techniques also appear to be reproducible for measurement of renal cortical perfusion across a wide range of renal functions; however, estimates of medullary perfusion using ASL demonstrated moderate to poor reproducibility (both intra- and inter-visit measures).[@b27-ijnrd-11-103]

Diffusion-weighted imaging (DWI)
--------------------------------

DWI is a non-contrast MR technique that characterizes the Brownian motion of water molecules to assess renal structure and function. Diffusion is quantitated using the apparent diffusion coefficient (ADC) that provides information on renal capillary perfusion and water diffusion in the extracellular space.[@b28-ijnrd-11-103] DWI has been utilized to study renal maturation in children and neonates and has been evaluated for the early detection of renal insufficiency. Decreases in ADC have been noted in several renal pathologic conditions including acute and chronic renal failure, RAS and ureteral obstruction.[@b28-ijnrd-11-103] DWI does not require gadolinium contrast, therefore increasing its potential application for studying CKDs. DWI has also been correlated to histological measures of renal fibrosis and there is a negative correlation with eGFR in patients with CKD.[@b29-ijnrd-11-103]

Phase contrast imaging
----------------------

Phase contrast MR is a non-gadolinium contrast technique using gradient magnetic pulses to induce phase shifts in moving protons that are proportional to their velocity along the direction of the gradient.[@b30-ijnrd-11-103] Phase contrast MR images are acquired with a single breathhold in an orthogonal plane to the main renal artery (usually middle segment) using cardiac gating. Renal blood flow assessed non-invasively with phase contrast methods correlated well with renal blood flow calculated from clearance of para-aminohippuric acid and hematocrit and were highly reproducible with low variation in normal healthy volunteers.[@b31-ijnrd-11-103] In a larger study of 127 participants of the Consortium for Radiologic Imaging Studies of Polycystic Kidney Disease Study, renal blood flow estimates from phase contrast techniques were significantly correlated to GFR (measured via iothalamate clearance).[@b32-ijnrd-11-103] In a recent study validating phase contrast renal blood flow techniques with phantoms simulating renal artery hemodynamics, the authors observed high correlations, but noted that this technique may be somewhat limited in subjects with a lower eGFR.[@b32-ijnrd-11-103] In multivariable models, only age and phase contrast-measured renal blood flow (not kidney volumes, cyst volumes or diagnosis of hypertension) were independent predictors of GFR, suggesting that renal blood flow measured with MR may warrant consideration as an outcome measure in renal clinical studies.[@b33-ijnrd-11-103]

Clinical applications of BOLD MR in nephrology
----------------------------------------------

### CKD

CKD is associated with renal injury, hypoxia and worsening fibrosis, which creates a vicious cycle of progressive renal injury and fibrosis ultimately leading to end-stage renal disease (ESRD). Renal fibrosis has long been recognized as a hallmark of CKD in several renal pathophysiologic conditions. Glomerulosclerosis and tubulointerstitial fibrosis are common in CKD, regardless of etiology. Chronic hypoxia has recently been viewed as a "final common pathway" to ESRD.[@b34-ijnrd-11-103] It is hypothesized that as CKD progresses, microvascular changes limit renal tissue oxygen delivery and drive inefficient use of oxygen. Inflammation, oxidative stress, mitochondrial dysfunction, endothelial cell proliferation and dysfunction and capillary rarefaction may all contribute to renal tissue hypoxia and represent potential therapeutic targets to prevent irreversible kidney injury.[@b35-ijnrd-11-103]

A key point of the chronic hypoxia hypothesis of CKD is that reduced renal tissue oxygenation may precede progression of kidney disease. This was demonstrated using the remnant kidney model in rats in which tubulointerstitial hypoxia measured by the hypoxia probe pimonidazole preceded progressive pathologic renal changes suggesting a pathogenic role of ischemia at early time points.[@b36-ijnrd-11-103] Although oxygen microelectrodes are considered the gold standard for oxygen tension measurement, they are invasive and not a viable option for clinical applications. Therefore, BOLD MR has a role to assess renal oxygenation in human studies of CKD.

BOLD MR has been used to assess CKD of several etiologies, resulting in differential findings. In a study of 142 patients with either diabetic nephropathy (n=43), CKD without diabetes (n=76), or acute kidney injury (AKI) (n=23), BOLD MR was correlated with eGFR. T2\* levels were positively correlated with eGFR in CKD patients without diabetes, while no significant correlations were observed in patients with diabetic nephropathy or AKI.[@b37-ijnrd-11-103] In a subset of patients with CKD without diabetes who also underwent renal tissue biopsy, T2\* values negatively correlated with interstitial fibrosis by Masson's trichrome staining. Based on the finding that associations were observed in non-diabetic CKD patients and not in diabetic nephropathy patients, Inoue et al concluded that renal tissue oxygenation depends on the etiology and not just the severity of CKD.[@b37-ijnrd-11-103]

In a study of 400 patients who underwent BOLD MR imaging at both 1.5 T and 3T field strengths, no differences in R2\* were observed between different stages of CKD.[@b38-ijnrd-11-103] Furthermore, in this study R2\* was not affected by age or sex. These findings are directly opposite of findings from several previous studies that included smaller numbers of participants.

Michaely et al suggest that renal BOLD MR may not be suitable for broad application "as the level of intrarenal oxygenation seems to be kept constant over time and a broad range of renal function".[@b38-ijnrd-11-103] This conclusion directly challenges the chronic hypoxia hypothesis.[@b39-ijnrd-11-103] Several limitations were noted in this study including technical issues such as shorter echo times. Importantly, clinical information related to the use of medications, which may alter tissue oxygenation (either by changing oxygen delivery or consumption), such as angiotensin-converting enzyme inhibitors or angiotensin receptor blockers, beta blockers, diuretics or antioxidants, was missing. Also, information regarding sodium balance and hydration status was not reported. The group of patients imaged was heterogeneous and it is possible that renal tissue oxygenation may depend not only on severity of CKD but also on etiology of kidney disease.[@b39-ijnrd-11-103]

Hypertension
------------

Kidney BOLD MR has been used to evaluate renal physiology in patients with hypertension as well as the effect of specific antihypertensive medications. It has also been utilized in animal models to study mechanisms of experimental hypertension including responses to angiotensin II.[@b40-ijnrd-11-103] In a randomized study of type 2 diabetic patients with microalbuminuria, blockade of the renin-angiotensin system with enalapril or candesartan failed to modify renal cortical or medullary R2\* levels, although medullary R2\* levels were positively correlated with urinary sodium excretion and systemic arterial blood pressure suggesting lower renal oxygenation at higher dietary sodium intake and blood pressure.[@b41-ijnrd-11-103] In a large study of CKD and hypertensive patients, renal cortical and medullary R2\* values were not significantly different at baseline when compared to healthy controls.[@b42-ijnrd-11-103] However, after administration of furosemide, the usual decrease in R2\* values was blunted in patients with hypertension suggesting early metabolic renal maladaptations in this group.

BOLD MR has been incorporated as an outcome measure in studies of antihypertensive medications. In a small randomized prospective study of 24 hypertensive patients comparing the renin inhibitor aliskiren to hydrochlorothiazide therapy for 8 weeks, BOLD MR demonstrated slightly increased cortical and medullary tissue oxygenation in the group treated with aliskiren.[@b43-ijnrd-11-103]

In addition to evaluating renal oxygenation in response to antihypertensive medications, BOLD MR has been used to evaluate the response to renal denervation. In a study of 46 hypertensive patients who underwent renal denervation with a mean reduction in 24-hour blood pressure of \~9 mmHg, BOLD MR showed no significant changes in renal tissue oxygenation.[@b44-ijnrd-11-103] Of note, eGFR did not change after renal denervation, and the lack of a change in renal oxygenation was attributed to autoregulation of renal blood flow and GFR associated with the reduction in blood pressure.

RAS
---

One of the most studied uses of BOLD MR is in renovascular hypertension/RAS. From early models of RAS using swine models of renal artery ischemia, BOLD MR demonstrated increases in renal R2\* after renal artery occlusion, which resolved with correction of the stenosis.[@b45-ijnrd-11-103] Textor et al then studied the BOLD MR response in patients with normal renal arteries as well as with high-grade RAS.[@b46-ijnrd-11-103] In kidneys with normal angiograms (no stenosis), an appropriate 20% reduction in renal medullary R2\* was observed in response to furosemide. In normal size kidneys downstream from a severe stenosis, R2\* was elevated (suggesting less oxygenation) at baseline but decreased after furosemide administration. However, in atrophic kidneys beyond stenotic renal arteries, they observed low levels of R2\* that did not change after furosemide administration. This study led to the concept that renal BOLD coupled with furosemide suppression of renal medullary oxygen consumption may serve as a kidney "stress test" in patients with RAS.[@b47-ijnrd-11-103] Renal BOLD has been used in several human and animal experimental models of RAS to demonstrate that this method may be able to distinguish between underperfused kidneys with preserved tubular function and those with tubular dysfunction as well as to evaluate risk of acute kidney injury in response to contrast administration.[@b48-ijnrd-11-103],[@b49-ijnrd-11-103]

In patients suspected of RAS, we observed that receipt of beta blockers was associated with improved renal cortical and medullary oxygenation measured with BOLD MR.[@b50-ijnrd-11-103] These changes were independent of renal artery blood flow suggesting that beta blockers may reduce renal oxygen consumption.

Ebrahimi et al demonstrated that administration of mesenchymal stem cells in addition to percutaneous renal angioplasty in pigs with experimental RAS reduced inflammation, fibrinogenesis and vascular remodeling, ultimately restoring the renal tubular response to furosemide as measured with BOLD MR.[@b51-ijnrd-11-103] BOLD MR, particularly when coupled with other physiologic measures including renal perfusion or blood flow, may provide important insights into changes in renal function prior to the onset of irreversible kidney damage.[@b47-ijnrd-11-103]

Randomized controlled trials of renal artery revascularization procedures have failed to demonstrate uniform improvement in renal outcomes or blood pressure responses when compared to antihypertensive therapy alone.[@b52-ijnrd-11-103] It is possible that measures such as renal BOLD MR ([Figure 2](#f2-ijnrd-11-103){ref-type="fig"}) may be able to distinguish which patients with RAS are most likely to respond to these procedures to improve renal tissue oxygenation; however, additional prospective studies are warranted.

Contrast nephropathy
--------------------

Acute kidney injury due to administration of iodinated contrast for medical imaging exams is of concern in patients with underlying renal dysfunction, although the pathogenesis and even the existence of contrast-induced nephropathy (CIN) is debated. Regardless, the potential mechanisms have been studied in humans and experimental models, and renal BOLD MR has been utilized to investigate whether iodinated contrast affects renal oxygenation. In rodent models, pharmacologic inhibition of nitric oxide (L-NAME) or prostaglandin synthesis (indomethacin) and administration of radiocontrast (sodium iothalamate) reduced renal medullary tissue oxygenation assessed by BOLD.[@b53-ijnrd-11-103] In a swine model, administration of the iso-osmolar contrast iodixanol increased inner medullary R2\* values suggesting a hypoxic role in the pathogenesis of CIN.[@b54-ijnrd-11-103] BOLD MR studies of changes in renal medullary R2\* suggest that the viscosity of radiocontrast may be more detrimental to renal oxygenation compared with osmolality.[@b55-ijnrd-11-103] Increases in kidney R2\* with a marker of acute kidney injury (urinary neutrophil gelatinase-associated lipocalin) have been correlated in rodent models, and pretreatment with furosemide but not the antioxidant N-acetylcysteine significantly blunted the increase in medullary R2\* in response to iodixanol suggesting a potential renoprotective effect.[@b56-ijnrd-11-103] Additional studies using BOLD in combination with other MR imaging techniques such as diffusion tensor imaging have suggested that contrast viscosity may have renal pathologic effects, and illustrate the flexibility and comprehensive capabilities of MR to assess renal pathophysiology.[@b57-ijnrd-11-103]

Acute transplant rejection
--------------------------

BOLD MR has been utilized to study kidney function after transplantation. BOLD MR was studied in 20 patients who had recently undergone renal transplantation (6 normally functioning transplants, 8 with acute biopsy-proven acute rejection and 6 with biopsy-proven acute tubular necrosis \[ATN\]), and lower medullary R2\* values were observed in acute rejection compared with normally functioning kidneys or those with ATN suggesting changes in intrarenal oxygenation in acute transplant rejection.[@b58-ijnrd-11-103] A larger study confirmed these findings of lower medullary R2\* in the transplant rejection group compared to the ATN group, suggesting that BOLD MR may be a useful way to discriminate between the two pathologic states.[@b59-ijnrd-11-103] Sadowski et al evaluated BOLD MR with MR perfusion techniques to study acute transplant rejection and observed significantly lower medullary perfusion but lower R2\* in patients with rejection compared to ATN, suggesting increased medullary oxygen bioavailability in rejecting allografts despite a reduction in blood flow.[@b60-ijnrd-11-103]

BOLD and diffusion-weighted MR demonstrated stable parameters in well-functioning allografts over nearly a 30-year period of follow-up, suggesting that these techniques may be useful for monitoring renal allograft function.^61^ BOLD MR coupled with non-contrast perfusion techniques such as ASL have been evaluated as strategies to assess renal allograft function over time and demonstrated that treatment with the ARB losartan may have beneficial effects of increased cortical perfusion in transplanted kidneys.^62^

Conclusion
==========

Functional renal MR imaging has a broad range of potential applications in several renal pathophysiologic states. Renal BOLD MR is a non-invasive and reproducible technique for assessing renal tissue oxygenation in patients with kidney diseases or precursors of CKD including hypertension and may serve as a potential renal biomarker in clinical studies. As oxygenation is dependent on perfusion, studies of renal blood flow or tissue perfusion are useful for understanding renal pathophysiology. Due to the potential risk of contrast-induced renal injury or gadolinium-related problems in patients with advanced kidney disease, non-contrast techniques including BOLD MR may provide important opportunities to better assess renal function longitudinally in these patients. MR imaging allows for comprehensive assessment of both renal anatomy and physiology and is a versatile modality with growing clinical applications. Further assessment of these techniques in clinical studies is warranted.
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![(**A**) Anatomic coronal middle left kidney image used to co-register superior middle and inferior cortical and medullary regions of interest. (**B**) T2\* weighted image of the same slice position and regions of interest.](ijnrd-11-103Fig1){#f1-ijnrd-11-103}

![Anatomic image (**A**) of the left kidney of a 77-year-old woman with hypertension and renal artery stenosis. The pre- (**B**) and post- (**C**) furosemide T2\* images of the same kidney demonstrate a normal response and increase in post-T2\* image intensity. Anatomic image (**D**) of the right kidney of a 75-year-old man with hypertension, diabetes and chronic kidney disease with an estimated glomerular filtration rate of 37 ml/min/1.73 m^2^. The pre- (**E**) and post- (**F**) furosemide T2\* images of the same kidney demonstrate an abnormal response and decrease in post-T2\* intensity.](ijnrd-11-103Fig2){#f2-ijnrd-11-103}

###### 

Factors that may influence BOLD MR measures

  ------------------------------------------------------------------------------------------------------------------------------------
  Factors affecting oxygen delivery                          Factors affecting oxygen consumption (tubular transport)
  ---------------------------------------------------------- -------------------------------------------------------------------------
  Renal blood flow (stenosis)                                Water balance

  Renal perfusion (vascular density)                         Sodium balance

  Arteriovenous O~2~ shunting                                Diuretics

  Anemia                                                     Prostaglandin inhibitors

  Oxygen/hemoglobin dissociation curve (pH?, temperature?)   Iodinated contrast\
                                                             Angiotensin-converting enzyme inhibitors/angiotensin receptor blockers\
                                                             Antioxidants?
  ------------------------------------------------------------------------------------------------------------------------------------

**Abbreviation:** BOLD MR, blood oxygen level-dependent magnetic resonance.

###### 

Complementary magnetic resonance techniques to assess renal blood flow or perfusion

  ------------------------------------------------------------------------------
  Technique                    Measurement
  ---------------------------- -------------------------------------------------
  Phase contrast               Main renal artery blood velocity and flow

  Arterial spin labeling       Renal cortical or medullary perfusion

  Diffusion-weighted imaging   Renal capillary perfusion and water diffusion

  Dynamic contrast imaging     Whole kidney, cortical and medullary perfusion\
                               Estimated glomerular filtration rate
  ------------------------------------------------------------------------------
